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We report on the dynamics of optically induced nuclear spin polarization in individual CdTe/ZnTe 
quantum dots loaded with one electron by modulation doping. The fine structure of the hot trion 
(charged exciton X~ with an electron in the P-shell) is identified in photoluminescence excitation 
spectra. A negative polarisation rate of the photoluminescence, optical pumping of the resident elec- 
tron and the built-up of dynamic nuclear spin polarisation (DNSP) are observed in time-resolved 
optical pumping experiments when the quantum dot is excited at higher energy than the hot trion 
triplet state. The time and magnetic field dependence of the polarisation rate of the X~ emission 
allows to probe the dynamics of formation of the DNSP in the optical pumping regime. We demon- 
strate using time-resolved measurements that the creation of a DNSP at B=0T efficiently prevents 
longitudinal spin relaxation of the electron caused by fluctuations of the nuclear spin bath. The 
DNSP is built in the microsecond range at high excitation intensity. A relaxation time of the DNSP 
in about 10 microseconds is observed at B — 0T and significantly increases under a magnetic field 
of a few milli-Tesla. We discuss mechanisms responsible for the fast initialisation and relaxation of 
the diluted nuclear spins in this system. 



I. INTRODUCTION 



the aim of this work. 



The confinement of single electrons in semiconduc- 
tor quantum dots (QDs) and the control of their spin 
has been motivated by perspectives of using the elec- 
tron spin as the ultimate solid state system to store and 
process quantum information. In the commonly stud- 
ied III-V semiconductor QDs, the hyperfme interaction 
of the electron with the fluctuating nuclear spins limits 
the time scale on which an electron spin can be manip- 
ulated at low magnetic field. It has been proposed that 
a full polarization of the nuclei could cancel the decoher- 
ence of the electron induced by the fluctuating hyperfme 
fields. Alternatively, the decoherence created by nuclei 
could be circumvented by using isotopically purified II- 
VI materials^ since Zn, Cd, Mg, O, Se and Te all have 
dominant isotopes without nuclear spins. However, as 
highlighted in reference 3 and 4, the interaction between 
a confined electron in a II- VI QD and the low density of 
nuclear spins 1=1/2 in a QD volume ten to one hundred 
times smaller than InAs/GaAs QDs leads to some spin 
dynamics which is fundamentally different from the one 
observed in III-V systems^. 

Due to the small QD size and low density of nuclear 
spins, the electron-nuclei dynamics in II- VI QDs is ruled 
by a large Knight field and significant nuclear spin fluc- 
tuations despite a small Overhauser field. Consequently, 
the nuclei-induced spin decoherence of the electron is also 
an issue in II- VI QDs. However, the built-up of a dy- 
namic nuclear spin polarisation (DNSP) at B=0T, can 
be much faster than the relaxation induced by the dipolc 
interaction between nuclear spins allowing the creation 
of a strong non-equilibrium DNSP—. Under these con- 
ditions, decoherence of the electron should be efficiently 
suppressed. Experimental study of the electron-nuclear 
dynamics in II- VI QDs are few. Providing a thorough 
experimental study of this system at a single dot level is 



In this paper, we report on the dynamics of cou- 
pled electron and nuclear spins polarization in individ- 
ual CdTc/ZnTc QDs with a resident electron introduced 
by aluminium modulation doping. Here, in contrast to 
gated structures where the number of resident charges 
is controlled by an applied voltage, we use the charac- 
teristic spectral feature of the charged exciton triplet 
state observed in photoluminescence excitation spectra 
(PLE) to identify QDs containing a single resident elec- 
tron. Non-resonant circularly polarized excitation of the 
negatively charged exciton has been shown to lead to a 
polarisation of the nuclear spins in both III-V— and II- VI 
QDss and will be used throughout this study to build-up 
and probe DNSP. In II- VI QDs, the Overhauser shift is 
much smaller than the photoluminescence (PL) lincwidth 
and cannot be observed directly: The nuclear field is de- 
tected through the polarization rate of the resident elec- 
tron which is controlled by the nuclear spin fluctuations 
(NSF). 

We give a description of the studied structures and 
experimental techniques in section II of this paper. In 
section III, we discuss nuclear spin-polarisation in II- VI 
QDs, and derive orders of magnitude for the effective 
hyperfme fields encountered in this system. Experimen- 
tal evidences of triplet states and details about the 
mechanism of optical spin injection and build-up of neg- 
ative circular polarization in singly charged CdTc/ZnTc 
QDs arc presented in section IV. In section V we de- 
scribe how the polarization of nuclear spins influences 
spin dynamics of the confined electron. The dynamics 
of nuclear spin polarization is considered in section VI. 
Finally, in section VII we present and discuss results of 
coupled electron/nuclei spin decay in the absence of op- 
tical excitation. 
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II. SAMPLE AND EXPERIMENT 

The sample used in this study is grown on a ZnTe sub- 
strate and contains CdTc/ZnTe QDs. A 6.5- monolayer- 
thick CdTe layer is deposited at 280 °C by atomic layer 
epitaxy on a ZnTe barrier grown by molecular beam epi- 
taxy at 360 °C. The dots are formed by the high Tel- 
lurium deposition process described in reference 7 and 
protected by a 100-nm-thick ZnTe top barrier—. A 20 nm 
thick Al doped ZnTe layer is introduced 30 nm above the 
QDs leading to an average negative charging of the QDs. 
The height of the QDs core is about 2-3 nanometers and 
their diameter is 10 to 20 nm. We estimate an average 
QD volume of about 250 nm 3 containing ss 8000 nuclei, 
1200 of which carry a spin 1/2. 

Optical addressing of individual QDs containing a sin- 
gle electron is achieved using micro-spcctroscopy tech- 
niques. A high refractive index hemispherical solid im- 
mersion lens is mounted on the bare surface of the sam- 
ple to enhance the spatial resolution and the collection 
efficiency of single-dot emission in a low-temperature 
(T = 5K) scanning optical microscope^. Despite the 
quite large QD density (« 10 10 cm -2 ) and the large num- 
ber of dots in the focal spot area, single QD transitions 
can be identified by their spectral signatures. A weak 
magnetic field of a few tens of milli-Tesla can be applied 
in Voigt or Faraday configuration using permanent mag- 
nets. 

To investigate the mechanisms of spin injection, the 
QDs are excited with energy tunable picosecond (« 2ps) 
laser pulses from a frequency doubled optical paramet- 
ric oscillator with a repetition time of 13ns. A delay 
line can be used to divide a single pulse into one co 
and one cross-polarized pulses. Time-resolved experi- 
ments to observe slower dynamics (optical pumping of 
electron and nuclei) are performed using a modulated 
tunable continuous wave (CW) dye laser. Laser pulses of 
controllable duration and polarisation are created using 
Acousto-Optic Modulators or an Electro-Optic modula- 
tor with rise times of about 10ns. The collected PL is dis- 
persed by a lm double monochromator before being de- 
tected by a CCD camera or a fast avalanche photodiode 
in conjunction with a time-correlated photon-counting 
unit with an overall time resolution of about 50 ps. In 
CW experiments, the polarisation rate of the PL is mea- 
sured using a birefringent prism to separate the c+ from 
the a— component and to detect them at the same time 
on different areas of the CCD camera. 



and consequently the average polarization of the PL of 
the X~ . The knowledge of the nuclear spin polarization 
can then be used to estimate the resident electron spin 
polarization. In this section, we want to estimate the 
order of magnitude of the nuclear spin polarization that 
can build-up in a II- VI QD and its influence on the spin 
dynamics of a confined electron. 

The dominant contribution to the coupling between 
the confined electron and the nuclear spins originates 
from a Fermi contact hyperfine interaction. This inter- 
action can be written as22: 

H hJ = uoJ^Almm 2 ^ + P+<7 - + 2 Il(7+ ) (1) 

i 

where Ri is the position of the nuclei i with spin P and 
hyperfine interaction constant Aj. a and P are the spin 
operators of the electron and nuclei respectively. v$ is 
the volume of the unitary cell containing Z=2 nuclei 
(one Cd and one Te). This Hamiltonian can be decom- 
posed in a static part affecting the energy of the electron 
and nuclear spins and a dynamical part proportional to 
(ij_cr_ + P_<r+), allowing for the transfer of angular mo- 
mentum between the electron and nuclear spin system. 
The static part of the hyperfine interaction leads to the 
notion of effective magnetic field, either seen by the elec- 
tron due to the spin polarized nuclei (Overhauser field 
B jy), or by a nucleus at position Rj due to a spin polar- 
ized electron (Knight field £>^). These fields are defined 
by the electron-nuclei interaction energy: 

H hf = g e p B ^^N = -J2 ( 2 ) 

i 

where g e is the Lande factor of the electron and n\ the 
magneton of nucleus i with spin P defined by [i\ = fvfjl 
with 7} the gyromagnetic ratio of the nucleus i. 

A. Overhauser field in a CdTe/ZnTe quantum dot 

The maximum Overhauser field resulting from a com- 
plete polarization of the nuclei, B™ ax , is defined by in- 
trinsic parameters characterizing the material and the 
hyperfine interaction inside the materials*'^. The Over- 
hauser field can be written as: 



III. NUCLEAR SPIN POLARIZATION IN II- VI 
QUANTUM DOTS 

In a singly charged QD under the injection of spin po- 
larized electrons, a nuclear spin polarization builds up by 
integration over many mutual spin flip-flops of the con- 
fined electrons and the lattice nuclei. This nuclear mag- 
netic field modifies the coherent electron spin dynamics 



2Vj 
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where the sum runs over Nj, the number of nuclei carry- 
ing a spin I. When all the Cd and Te nuclear spins are 
polarized and if we assume a homogeneous electron wave 
function tp(R) = ^2/ (i/^N^), with Nt the total number 
of nuclei in the QD, the nuclear field reads: 
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The nuclear spin of Cd and Te arc I cd =I Te =l/2 and 
their corresponding abundance p 1 = Nj/Nl arc p cd = 
0.25 and p Te = 0.08 (see table H}. Taking the hyper- 
fine coupling constants A cd ss-31^eV, A Te w-45^eV 
from reference 5 and an average electron Landc factor 
g e w -0.5i^20, we obtain B% ax «200mT. 





Abundance (%) 


I 


Hi 


ln Cd 


12.75 


1/2 


-0.5943 


113 Cd 


12.26 


1/2 


-0.6217 


123 Te 


0.87 


1/2 


-0.7357 


125 Te 


6.99 


1/2 


-0.8871 



TABLE I: Isotopic abundance, nuclear spin I and magneton 
of the nucleus fii for Cd and Te alloys 2 ^, fii is given in unit 
of the nuclear magneton hn ■ 



where f e is the probability that the dot is occupied by an 
electron. Considering a constant electron/nuclei overlap 
(homogeneous wave function tp(R) = \/2/ {vqNl)) one 
can 

obtain^ the maximum Knight field for nuclei with 
a hyperfine constant A 1 : 
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A 1 



N 



(6) 



With \icd ~ —0.6 and a total number of nuclei in the 
QD assumed to be N L « 8 x 10 3 , B 7 e nax w 100 mT is 
derived for Cd nuclei. A Knight field of lOmT is typical 
for InAs/GaAs QDs^. The difference is a consequence 
of the smaller QD size in II- VI materials. However, B e 
follows the distribution of the electron wave function in 
the dot leading to a nuclear site-dependent field vary- 
ing across the dot and in optical pumping experiments, 
only a weighted-averaged value of the Knight field can be 
accessible. 



C. Dynamic nuclear spin polarization 



The Overhauser field really obtained in a QD under op- 
tical pumping, Bn, is proportional to the average nuclear 
spin polarization (I z ) and reaches B r £ ax when (I z )=l/2. 
As the electron Lande factor in CdTe/ZnTe QDs is nega- 
tive and the hyperfine constants are negative, the sign 
of Bn is fixed by the sign of (I z ) which is given by 
the average electron spin polarization^^ (5*2) along the 
QD growth axis z ((S z )=l/2 for fully polarized spin up 
electrons). In the present study, the resident electron is 
pumped down ((S z ) <0) for a <r+ excitation (spin | \) 
electron) in the presence of a positive external magnetic 
field. Thus, a a+ excitation leads to an Overhauser field, 
Bn, antiparallel to the applied magnetic field (Bn < 0). 



B. Knight held in a CdTe/ZnTe quantum dot 

At zero external magnetic field, the formation of a 
nuclear spin polarization is only possible if the effective 
field induced by the electron spin on the nuclei exceeds 
the local field B; created by the nuclear dipole-dipolc 
interaction^. The Knight field is inhomogeneous across 
the nuclear ensemble because the electron wave function 
is not constant across the QD. In the core of the QD 
where the Knight field is the strongest, the spin diffu- 
sion induced by the nuclear dipolc-dipole coupling is sup- 
pressed and it is there that the nuclear spins may become 
polarized. The magnitude of the time averaged Knight 
field for a nucleus with a hyperfine constant A 1 at the 
position R,; is given by 



Under circularly polarized CW excitation, the rate 
equation describing the nuclear spin polarization I z in 
a singly negatively charged QD can be written as^: 



§ = _L ( ^ (/ + 1)So 



h) - ^I, - =U (7) 



The last term on the right side of the equation accounts 
for any spin relaxation mechanism except the dipole- 
dipole interaction between nuclei which is described by 
the relaxation time Tdd- The first term corresponds to the 
transfer of angular momentum between the spin of the 
electron and the nuclear spin bath, with So the polariza- 
tion rate of the injected electrons and Ti e the probability 
of an electron/nuclei spin "flip-flop" given by2^: 
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T° e 1 + (AE eZ /ny 



(8) 



Here r e is the correlation time of the electron/nuclear 
spin interaction^. AE e z = g e ^B{B ex t + Bn) is the 
electron Zeeman splitting which depends on the external 
magnetic field, B ea;4 , and the effective nuclear field Bat. 
This term provides a feedback process mechanism be- 
tween the spin transfer rate and the nuclear polarization 
leading to the enhancement of flip-flop processes when 
Bn reduces the electron Zeeman splitting. This feed- 
back is responsible for the bi-stability in the nuclear spin 
polarization observed under magnetic field in InAs/GaAs 
QDs&i^. T° e , is given by: 



B\ = -V — |V(i?i)| 2 «S z >/e) 



(5) 
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with 



E hf = uoAiMRttf 



(10) 



the interaction energy between the electron and nuclear 
spin I at position i?,; . T® e corresponds to the nuclear spin 
relaxation induced by the electron at zero electron split- 
ting. For a homogeneous electron wave function (tp(R) = 
y/2/(u N L )), we obtain 1/1* = f e r e (2Af /(N L h)) 2 . 

The contribution of the dipole-dipole interaction to the 
relaxation process is given, in the presence of an external 
magnetic field, B ext , by: 
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Tdd 



Bf 



T° dd (Be 



B P 



(11) 



where B/ is the local field describing the nuclear spin- 
spin interaction and T dd the characteristic time of this 
interaction at zero fielder—. This formula describes the 
acceleration of the nuclear spin relaxation when an ap- 
plied magnetic field compensates the Knight field. 
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FIG. 1: Nuclear spin polarization obtained from equation J7} 
for a single family of nuclei with an average hyperfine cou- 
pling A a „=-40^ieV and abundance p a v~W% and with the pa- 
rameters: f e =0.4, 5o=-0.4, T° dd =5fj,s, B(=2.5mT, d=2.5nm, 
£=5nm, T e =5ns, T r =5ms. The inset shows the approxi- 
mation of the Gaussian electron density with £=5nm and 
L z =2.5nm by a step function used in the numerical calcu- 
lation. 

The magnetic field dependence of the nuclear spin po- 
larization for a single family of nuclei with an average hy- 
perfine coupling A av =-40ueV and abundance p a „=16% 
obtained by a numerical determination of the steady 
state of the rate equation (J7J is presented in Fig. [1] In 



this model, the electron wave function is described by a 
Gaussian function in the QD plane and a constant func- 
tion in the z direction: 



tp(p,z) = 



(12) 



where L z is the thickness of the QD and £ the lateral ex- 
tension of the electron wave function. For the numerical 
calculation, the Gaussian wave function is approximated 
by a 7 steps function (inset of FigfJJ and the 7 coupled 
differential equations corresponding to the 7 families of 
nuclear spins (i.e. with different Knight fields) are solved 
simultaneously. 

The acceleration of the dipole-dipole interaction be- 
tween the nuclear spins when the external field compen- 
sate the Knight field is responsible for the decrease of the 
nuclear spin polarisation observed at low negative mag- 
netic field (between B z -50mT and B z w -lOOmT 
). The position of this minimum depends on the aver- 
age electron spin polarization and is a measurement of 
the mean value of the Knight field. The nuclear spin 
polarization does not drop to zero because of the inho- 
mogencity of the Knight field: the condition B tot = is 
satisfied only for a small number of nuclei at any given 
Bext- Provided B e 3>B/, the majority of nuclei experience 
negligible change in depolarization. 

The feedback process occurring when the Overhauser 
field compensates the applied magnetic field leads to a 
strong increase of the nuclear spin polarization at low 
positive magnetic field (B z 50mT). This resonant 
effect is enhanced by a long electron correlation time 
r e , i.e. a weak broadening of the electron transition. 
This time of free coherent electron-nuclei precession is 
likely to be controlled in our experimental condition (i.e. 
chemically doped QDs under CW excitation) by the non- 
resonant optical injection of an electron-hole pair: we 
chose r e = 5ns in the calculation presented in FigfTJ 

The important variations of the nuclear spin polariza- 
tion observed in Fig. [T] for a small varying magnetic field 
around B z =0T are expected to significantly influence the 
spin dynamics of the resident electron. In particular, an 
increase of the relaxation rate of the electron spin should 
be observed when the external magnetic field compen- 
sates the Overhauser field increasing the influence of the 
fluctuating nuclear field. 



IV. SPIN INJECTION IN NEGATIVELY 
CHARGED QUANTUM DOTS 

A. Polarized fine structure of the excited state of 
the charged exciton 

In order to prepare the spin state of a resident carrier 
in a singly charged QD, spin polarized electron-hole pairs 
are injected through circularly polarized photo-excitation 
of an excited state of the QD. Low power PLE spectra 
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on a singly negatively charged QD presented in Fig. [2] re- 
veals intense absorption resonances for X - with a strong 
polarization dependence. In general we find three dis- 
tinctive features in these excitation spectra. 

The first is a set of lower energy resonances that are 
strongly co-polarized with the excitation laser. These 
transitions can be assigned to nominally forbidden tran- 
sitions involving states with two s-shell electrons and an 
excited or dclocalizcd hole. These transitions are partic- 
ularly well observed in CdTe/ZnTe structures because of 
the weak valence band offset. 
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FIG. 2: (a) PL and PLE spectra resolved in circular po- 
larisation under a+ CW excitation. The inset is a zoom on 
the polarized doublet in the PLE spectra, the polarisation 
rate is also displayed, (b) Energy levels of the negative trion 
states. The electrons triplet state is split by the electron-hole 
exchange energy A e h- The electrons singlet state, also part of 
the p-shell is not represented here. Left scheme: when excit- 
ing with a+ light on the triplet state \S = 1, S z = —1), pho- 
ton absorption occurs only if the resident electron is down. As 
demonstrated by M.E. Ware-, during the excited trion relax- 
ation, an electron-hole flip-flop process allowed by anisotropic 
exchange interactions results in a a— PL. Right scheme: when 
exciting with a+ light on the triplet state \S — 1,S Z — 0), 
photon absorption occurs only if the resident electron is up. 
Fast relaxation from this state leads to a+ PL. 

The second feature is a higher energy resonance that 
displays a fine structure doublet well resolved in circular 



polarization. As presented in Fig.[2ja), the PLE exhibits 
a strongly co- and then cross-polarized resonance as the 
laser energy increases around 2110 meV. As proposed by 
M.E. Ware et al~ we can assign this doublet to the direct 
excitation of the two bright triplet states (see Fig. Hfb)) 
of the excited negatively charged exciton (X~*). X~* 
consists of an electron-hole pair in the S-shell and an 
electron in the P-shell. This doublet is a characteris- 
tic signature of the presence of a single electron in the 
QD ground state. We have found a triplet splitting A e h 
around 400 fieV changing from dot to dot. This is higher 
than the values found in InAs QDs, in agreement with the 
stronger exchange interaction in our II- VI QD system. 

For an excitation above the X~* triplet states, a se- 
ries of excited states and an absorption background with 
a significant negative circular polarisation rate are ob- 
served. As we will discuss in the next section, this con- 
dition of excitation can be used to perform an optical 
pumping of the resident electron spin. 



B. Kinetics of the degree of circular polarization 

As a probe of the resident electron spin orientation, 
we will use the amplitude of the negative circular po- 
larization of the charged QD a 10 ' 11 ' 13 . In the case of X~, 
the circular polarization of the emitted light reflects both 
the spin of the resident electron before the absorption of a 
photon and the spin of the hole before emission. Negative 
polarization of X~ implies that the hole spin has flipped 
prior to recombination and that a spin flipped hole con- 
tributes to the X - formation with a higher probability 
than a non-flipped hole. This process also leads to an 
optical pumping of the resident electron spin. 

The kinetics of the degree of circular polarisation ob- 
served in time resolved PL experiments reflects the mech- 
anisms of spin injection. The time dependence of the po- 
larisation rate p c under quasi-resonant pulsed excitation 
(~ 2ps) is displayed in Fig. [3J As we discussed for the 
PLE spectra of the QD presented in Fig. [21 the lowest 
excited state (Ei in Fig. [3]) is fully co-polarized. It corre- 
sponds to the negatively charged state with two electrons 
in the S'-shell and a hole in a higher shell. It is spin se- 
lective as the spin of the two electrons in the S'-shell have 
to be opposite: under a+ excitation, an absorption only 
occurs if the resident electron is | f). The fast initial 
decay (in the range of 100 ps) of the polarization under 
excitation on Ei is attributed to a relaxation of the hole 
spin on the high energy shell while the slower decay (in 
the range of 5 ns) is attributed to relaxation of the hole 
spin when it is in the S-shell. 

Resonant a+ excitation on the charged exciton triplet 
states (E2 in Fig. [3]) results in the creation of an ex- 
cited trion ffpl-pts or f|-p|p|s depending on the spin 
of the resident electron (see Fig. [2jb)). Under excita- 
tion on E2 we observe a fast decay of the initial positive 
polarization rate: the polarization rate becomes nega- 
tive in a few tens of ps. This evolution reflects the spin 
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FIG. 3: (a) PL and PLE spectra of a singly charged quantum 
dot. (b) Time-evolution of the co-polarized PL (red line), 
the cross-polarized (blue line) PL, and the degree of circular 
polarisation (black line) under pulsed excitation for four dif- 
ferent excitation energies (E\ to E±). A clear negative polar- 
ization rate is observed when the excitation energy is higher 
than the triplet states of the excited charged exciton X - * 
(E2). 



dynamics of X~*. The excited state f|\p4-pts can re ~ 
lax quickly to the ground trion state while for the state 
it pi pis i relaxation to the ground state is forbidden un- 
til an electron-hole flip-flop occurs through anisotropic 
exchange interaction^. Therefore, relaxation from X~* 
results in a positive polarization rate at short delays and 
negative at longer delays. 

For higher excitation energies (E3 and E4 in Fig. [3} 
a major part of the decay of the polarization rate takes 
place within the first 200 ps. The polarization rate be- 
comes quickly negative and approches a value of about 
-30%. It further decreases at longer time delay (« Ins) 
and reaches a steady state value lower than -50%. To un- 
derstand the three regimes in the dynamics of the polar- 
ization rate, we have to consider 0D-2D cross-transitions 
where the electron is injected in the dot and the hole in 
the wetting layer. Such transitions are particularly im- 



portant in our system presenting a weak valence band 
offset. The spin of the hole is randomize before its cap- 
ture by the QD whereas the electron spin is conserved 
(spin I l) for a+ excitation). The captured bright exci- 
tons (i.e. without hole spin flip) or dark excitons (i.e. 
after a hole spin flip) relax to form the hot trion X~* . 
For an unpolarized resident electron, four possible chan- 
nels are then possible for the relaxation of the hot trion 
formed by a a+ excitation: 

1. tslpti ' — ► tsislt 1 — ► cr+ and | s 

2. taVU- 1 > tsU$ ' > V- and is 

3- isipf >— ^ U'tsfy 1 ► C- and is 

4. isipiy isipf 1— ^ talsty 1 — > v- and i g 

where S a is an anisotropic electron- hole exchange interac- 
tion term responsible for the flip-flop of the electron-hole 
pair in the QD excited state and Th the spin flip time of 
a hole in the S-shell. The realization of (1) and (2) is 
proportional to the probability for the resident electron 
to be I f) an d does not require any spin flip of the hot 
trion: they take place in the ps range. (3) and (4) de- 
pend on the probability of having the resident electron 
I I) and involve spin flips of the hot trion. These last 
two channels ((3) and (4)) lead to the appearance of a 
negative circular polarization rate with two time scales, 
one in the tens of ps range governed by S a and one in the 
ns range governed by Th- 

If the spin relaxation rate of the resident electron is 
longer than the optical excitation rate, cumulative ef- 
fects lead to the optical orientation of the electron spin. 
At this stage, we have to notice that the observation of 
negative circular polarization does not necessarily mean 
that the resident electron is polarized but a variation of 
its polarization will cause a change in the negative circu- 
lar polarization rate. 



V. ELECTRON SPIN OPTICAL ORIENTATION 

A. Orientation of the spin of the electron 

The presence of optical pumping of the resident elec- 
tron is confirmed by the power dependence of the neg- 
ative circular polarization rate obtained under CW ex- 
citation (Fig. HJa)). As the pump power intensity is in- 
creased, we observe a rapid growth of the negative circu- 
lar polarization with a saturation at about -55%. This 
reveals the progressive orientation of the resident elec- 
tron spin by the exciting beam. The remaining polariza- 
tion rate observed at low excitation power or in a weak 
transverse magnetic field is attributed to the different 
processes of carrier relaxation discussed in section IV. 
In the optical pumping regime (i.e. without transverse 
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magnetic field and at large excitation intensity) , the mea- 
surement of the negative circular polarization gives an 
estimate of the degree of the electron spin polarization. 

The electron spin memory can be significantly erased 
by a weak magnetic field (see Fig. 0|b)) applied in the 
plane of the QD. At B x « 0.1T, all the contribution of the 
electron spin polarization to the negative circular polar- 
ization rate has disappeared. Despite the weak transverse 
component of the hole g-factor, a further increase of the 
transverse magnetic field can induce a precession of the 
confined hole spin during the lifetime of the negatively 
charged exciton. At high field, this precession depolarizes 
the hole spin and finishes to destroy the average negative 
circular polarisation of the X~. This effect is observed 
in Fig. Sth) as an oscillation of the polarization rate for 
a transverse field larger than 0.1T. This oscillation corre- 
sponds to the first period of precession of a spin polarized 
hole injected at t = Ons. The decrease of the polarization 
rate at long time delay corresponds to the late recombi- 
nation of spin flipped holes stored as dark excitons in the 
triplet state of X~*. 
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FIG. 4: (a) Evolution of the degree of circular polarisation 
as a function of CW excitation power. Empty circles are 
zero field measurements, filled circles are measurements in a 
transverse magnetic field ±3^=0. 13T. (b) Time-evolution of 
the degree of circular polarisation under pulsed (2ps) quasi- 
resonant excitation for different transverse magnetic fields, 
(c) Time-evolution of the degree of circular polarisation with 
a two-pulse-excitation sequence: the pulses are separated by 
2ns. (i) is obtained with cross-polarized pulses at zero field, 
(ii) is obtained with co-polarized pulses at zero field, (iii) is 
obtained with co-polarized pulses and a transverse magnetic 
field B x =0. 13T. 



The dynamics of the pumping and relaxation of the 
resident electron spin can be estimated through the time 
evolution of the polarization rate when the QD is excited 
by a sequence of two circularly polarized picosecond laser 
pulses. The results of the experiments using equal inten- 
sities for the two pulses are shown in Fig. Htc). When 
the QD is excited with circularly co-polarized pulses (ii), 
a large average negative circular polarization is observed 
for both PL pulses. However, in the case of excitation by 
cross-polarized beams (i), the average PL polarization 
vanishes. These results directly demonstrate that the 
spin orientation created by the first pulse affects the po- 
larization of the PL excited by the second one. It means 
that after recombination of the electron-hole pair, the 
information about the polarization of the excitation is 
stored in the orientation of the resident electron spin. In 
addition, we notice that the polarization rate is identical 
for the two pulses in the excitation sequence. As these 
pulses are separated in time by either 2ns or 11ns this 
suggest that the relaxation time of the electron exceeds 
by far the laser pulses repetition rate (« 13ns). Con- 
sequently, the resident electron can be fully depolarized 
by a weak transverse magnetic field. A significant de- 
crease of the negative polarisation rate is observed for 
both pulses in a transverse field Ba;=0.13T (iii) confirm- 
ing the influence of the optical pumping of the electron 
spin on the negative polarization rate. 



B. Dynamics of the electron spin orientation 



In the presence of optical pumping, the degree of neg- 
ative circular polarization of X~ reflects the spin po- 
larisation of the resident electron. The dynamics of its 
optical orientation can then be revealed by the obser- 
vation of the negative polarization rate under modulated 
circularly polarized excitation. As presented in Fig. EJa) , 
the negative polarisation strongly depends on the mod- 
ulation frequency: an increase of the degree of circular 
polarisation when the modulation frequency is decreased 
is observed at B=0T. This modulation frequency depen- 
dence is canceled by a magnetic field of B Z =0.16T applied 
along the QD growth axis. As already observed in InAs 
QDs, this behavior is a fingerprint of the coupling of the 
electron to a fluctuating nuclear fielcUi 

The QD contains a finite number TV/ of nuclei carry- 
ing a spin, which means that statistically, the number 
of spins parallel and antiparallcl in any given direction 
differs by a value y/ JVj / 3. The result is an effective mag- 
netic field B f , oriented in a random direction. This field 
will induce a precession of the spin of the electron for ev- 
ery Bf not aligned along the QD growth axis z. Bf can 
be estimated, for a CdTc QD. Assuming a homogeneous 
envelope- function for the electron {ip(R) = \/2/ {v N L )), 
Bf is given by2£: 
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B) = 2 - 7 =-{I Cd {Icd + l)A 2 CdPcd (13) 

+I T e(I T e + l)A 2 TePTe ) 

For our estimation of Nl = 8000 one obtain Bf w 
l2mT. The electron spin precession frequency in the 
frozen nuclear spin fluctuation Bf sal2mT is «80MHz. 
This frequency can be smaller than the rate of optical 
injection of the spin polarized carriers at high excitation 
intensity allowing an optical pumping of the electron spin 
even in the presence of nuclear spin fluctuations. 

At high modulation frequency of the polarisation and 
low excitation intensity, a dynamic nuclear spin polari- 
sation does not have time to build-up. Over time scales 
less than 1 us, the electron is exposed to a snapshot of 
B f where the nuclear spin configuration remains frozen. 
In the absence of an external magnetic field, only this 
internal field B=B f acts on the electron. For a randomly 
oriented nuclear spin system, the electron spin polariza- 
tion quickly decays to 1/3 of its initial value due to the 
frozen nuclear fielcU^. This decay is not a real relaxation 
process as the electron coherently evolves in a frozen nu- 
clear spin configuration. On an averaged measurement, 
a fast decay of the electron polarization on a character- 
istic timcscalc t « h/(g e fisBf) is expected^. In the 
absence of nuclear spin polarization, the influence of the 
fluctuating nuclear field can be suppressed by applying 
an external magnetic field. For sufficiently large external 
fields, the nuclear spin fluctuations does not contribute 
significantly to the total field, B tot =B ea;t -|-B/, and the 
electron-spin polarization is preserved. 

At small modulation frequencies of the polarization or 
under CW excitation, nuclei can be dynamically oriented 
through flip-flop with the spin polarized resident elec- 
tron. This nuclei orientation leads to the formation of 
an Overhauser field, Bjv along the z axis, which may be 
much larger than the in-plane component of the fluctu- 
ating field (By). The electron now precesses around a 
nuclear field whose z component dominates: the result 
is an increase of the average electron spin polarization 
compared to the case of a totally randomly oriented nu- 
clear spin system. The effect of the Overhauser field is 
similar to an applied magnetic field along the z axis al- 
lowing an optical orientation of the electron spin even at 
low excitation power. 

This influence of the nuclear spin fluctuations in the 
optical pumping of the electron is confirmed by the mag- 
netic field dependence of the time resolved polarisation 
rate obtained at high modulation frequency (Fig. [S[b)). 
The increase of the polarization rate and the appearance 
of a transient with an applied external magnetic field 
along z reflects an increase of the optical pumping ef- 
ficiency of the electron^. This optical pumping, which 
takes place in a few tens of ns, is promoted by the pres- 
ence of the external field which can dominate the fluc- 
tuations of the Overhauser fielcU^. This short timescale 
component in the dynamics of the polarization of the 



spin of the electron becomes faster with the increase of 
the optical generation rate of spin polarized carriers and 
reach the ns range (Fig. GJc)). 



(a) (b) (c) 




1 10 100 500 1000 1500 2000 500 1000 1500 2000 



(d) >- Frequency (kHz) Time (ns) Time (ns) 



3 


1 






i 


G 








11 


= OT 












Del. cj+ 














(SJU1 


1, 


<i) 




........ . % 












o 

O u 




u 












*J « 

e j 


«■ 






"E 










Oil 




m 












- 
































0.0 0.2 


0.4 0.6 0.8 1 

















l 


Time (fis) 


1 



5 10 15 



Time (us) 

FIG. 5: (a) Evolution of the NCP with the frequency of the 
<j+/a— modulation of the excitation laser at zero magnetic 
field and at a field B Z =0.16T applied along the QD growth 
axis z. Time-evolution of the a+ PL excited alternatively 
with a+ or a— light for different magnetic fields applied in 
Faraday geometry (b) and for different excitation intensities 
and a fixed magnetic field B Z =0.19T (c). (d) Time-evolution 
of the a+ PL excited alternatively with a+ and a— light 
trains. The excitation sequence are displayed above the spec- 
trum. The inset is a zoom on the fast transient at short time 
delay. 

Similarly to the application of an external magnetic 
field, the build-up of a DNSP favors the electron spin po- 
larization. This is confirmed by the following experiment: 
in Fig. \Sld) , the a+ PL has been time- resolved using the 
two different excitation sequences displayed on each spec- 
trum. In the sequence (ii), the excitation pulses are of 
equal length and power, and are short enough to prevent 
the creation of DNSP. In sequence (i), the difference of 
pulses length allows the creation of DNSP. The measure- 
ments show two striking differences. First, the average 
circular polarisation, given by the difference of the PL in- 
tensity obtained under a— and <r+ excitation, is higher 
in (i) than in (ii). Second, the PL of (i) exhibits a fast 
PL transient at short delay reflecting an optical pumping 
of the electron spin (detail of this transient is shown in 
the inset of Fig. EJd)). These two features demonstrate 
that the Overhauser field created in (i) is strong enough 
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to block the longitudinal decay of the electron spin by 
the fluctuating nuclear field. 



VI. NUCLEAR SPIN POLARISATION 
A. Built-up of the nuclear spin polarization 

Direct evidence of the build-up of a DNSP can be ob- 
served using sequences of pulses of long duration (tens 
of /is). As displayed in Fig. [6][a), the a+ PL recorded 
under er+ excitation presents first a fast transient with 
a drop of the intensity due to the orientation of the resi- 
dent electron spin (a zoom of the transient at short delay 
is presented in Fig. [5th)). Then, a slower transient is ob- 
served: the (7+ PL increases during a few /is reflecting a 
decrease of the absolute value of the negative polarisation 
(i.e. of the spin polarization of the resident electron) be- 
fore it decreases again. This evolution has been predicted 
by M. Petrov et al^- and results from a destruction of 
the Overhauscr field created at the end of the a— excita- 
tion pulse, and a build-up of an Overhauser field in the 
opposite direction under a+ excitation. During this pro- 
cess, the amplitude of the Overhauser field becomes zero 
and the electron spin is strongly affected by the nuclear 
spin fluctuations B/. 

As presented in Fig. [(Jd), the speed of the destruc- 
tion and build-up of the nuclear polarization strongly in- 
creases with the increase of the excitation power. Simul- 
taneously, the average negative polarisation of the X~, 
given by the intensity difference of the PL obtained under 
a+ and a— excitation, increases. This effect is also di- 
rectly observed in the modulation frequency dependence 
of the polarization rate displayed in Fig. [(^c) . The mod- 
ulation frequency required to suppress the nuclear spin 
polarisation (i.e. to decrease the absolute value of the 
polarization) increases with the excitation intensity. At 
low excitation intensity, a formation time of the nuclear 
spin polarization of about 50/is can be estimated from the 
modulation frequency dependence of the negative circu- 
lar polarization^. This is three order of magnitude faster 
than in InAs/GaAs QDs where a pumping time of the 
nuclei around 10ms has been reported^. At hight ex- 
citation power, the pumping rate of the nuclei becomes 
faster than the polarization modulation frequency and 
a stable negative polarization of about -50% is obtained 
(Fig. [He)). An increase of the value of the negative po- 
larization with the excitation intensity is also observed 
suggesting an increase of the average nuclear spin polar- 
ization and Overhauser field with the excitation intensity. 



B. Magnetic field dependence of the nuclear spin 
polarisation 

A typical magnetic field dependence of the polariza- 
tion rate of a singly charged QD under CW circularly 
polarized excitation, in the optical pumping regime, is 




15 

Time(ns) 



o o CXS* 
□ O COD cod*" CCD* 



B = 0T 

Det o+ 



r 



L_ 



1 1 10 100 

Frequency (kHz) 



200 300 
Time (|ls) 



FIG. 6: (a) Time-evolution of the a+ PL excited alterna- 
tively with a+/a— light trains. The excitation sequence is 
displayed above the spectrum, (b) Zoom on the transient 
corresponding to the optical pumping of the electron. The 
time-evolution of the a— PL recorded in the same conditions 
of excitation is also displayed, (c) Dependence of the the de- 
gree of circular polarisation of the QD PL on the frequency 
of the <t+/ct— modulation of the light for different excitation 
power, (d) Time-evolution of the <t+ PL excited alternatively 
with a+/a— light for different excitation power. 



presented in Fig. [7] Fig. |7£a) focuses on the Faraday 
geometry while the Voigt geometry and the influence of 
the modulation frequency of the polarization of the exci- 
tation beam are presented in Fig. [7th). The asymmetry 
of the response in the Faraday geometry is a fingerprint 
of the presence of a nuclear spin polarization induced by 
the helicity of the excitation beam. 

A striking feature of this magnetic field dependence is 
the small increase of the absolute value of the negative 
polarization around B=0T. This is in opposition to what 
is usually observed in III-V semiconductor QDs where a 
decrease of the electron spin polarisation occurs at weak 
magnetic field because of the dominant contribution of 
the fluctuating nuclear field Bj. As presented in curve 
(i) of Fig. 01)), a standard increase of polarisation with 
magnetic field is restored in the absence of nuclear po- 
larisation (i.e. under polarization modulated excitation). 
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FIG. 7: (a) Magnetic field dependence in Faraday configu- 
ration of the negative polarization rate under <j+ CW exci- 
tation, (b) Magnetic field dependence of the negative polar- 
ization rate, on a different QD, in Voight (left) and Faraday 
(right) configuration under a+/a— modulated excitation at 
low (f mod =200Hz) and high (f mo(i =175kHz) modulation fre- 
quency. 



This shows that the increase of the electron polarization 
around B = 0T observed under CW excitation is linked 
to the DNSP: the nuclear spin fluctuations are strongly 
suppressed by the build-up of a large Overhauser field. 

The experiment presented in Fig. [TJa) was carried out 
under CW a+ excitation, pumping the resident electron 
down. This leads to an average polarization of nuclei with 
(I z ) < and an Overhauser field Bn < 0. For B z > 0, we 
observe around 50mT an increase of the circular polar- 
ization rate of 10% which reflects a depolarization of the 
resident electron. This behavior is attributed to the com- 
pensation of the Overhauser field by the external Faraday 
field (B z = — Bn). As the electron precesses around the 
total field B tot = B z + Bn + Bf, the electron dynam- 
ics is then governed by the nuclear spin fluctuations Bf, 
resulting in a depolarization of the resident electron. 

Considering the left panel of Fig. Eta) (corresponding 
to B z < 0), we observe at B = 0T a maximum in the 
electron polarization, then a decrease of about 5% in the 
first 25 mT followed by a small increase at larger fields. 
This extremum around B z = — 25mT also reflects a de- 
polarization of the resident electron spin. This depolar- 
ization is attributed to a compensation of the Knight field 
by the external magnetic field. The nuclear field is then 
close to zero and the electron dynamics is ruled by the 
sum of B z m 25mT and the nuclear spin fluctuations Bf. 
The effect of Bf is not negligible at 25mT. As observed 



in the experiment of Fig. [5{b), in the absence of DNSP, 
the polarization of the PL continuously increases as the 
Faraday magnetic field is increased from to 60mT. 

This influence of the Knight and Overhauser fields 
is further-confirmed by the following experiment: We 
present on the right panel of Fig. Etb) a measurement, 
were we have studied the polarization rate as a function of 
the magnetic field B z under modulated excitation. The 
light is modulated a + /a— at two different rates: (i) 
175 kHz (sa 3^ts of a+ exc, then sa 3[is of a— cxc. of 
equal intensity) and (ii) 200 Hz (sa 2500/^s for a given 
polarization). Hence, at low power of excitation, DNSP 
is achieved in (ii) and not in (i). The detection is done 
on an APD synchronized with the modulation, and for 
a fixed circularly polarized detection. We measure a po- 
larization rate by varying the excitation polarization and 
not the detection. Hence, this polarization rate is an av- 
erage of the polarization rates measured in Fig. Eta) for 
B z and —B z . The magnetic field dependence for (ii) is 
consistent with the one observed in the CW regime, with 
an evolution ruled by the competition between the B z , 
Bn, B e and Bf. On the other hand the magnetic field 
dependence (i) is only controlled by the competition be- 
tween B z and Bf. For sufficiently large external fields, 
the nuclear spin fluctuations Bf do not contribute to the 
total field and the electron-spin polarization does not de- 
cay. The width at half maximum is 25±5mT. This gives 
an order of magnitude of the fluctuating Overhauser field. 
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FIG. 8: Excitation power dependence of the negative polar- 
ization rate under magnetic field, (a) Faraday configuration 
under a+ CW excitation, (b) Voigt configuration. 

The magnetic field dependence of the polarization rate 
under CW excitation has been performed for B z > 
for different excitation powers (Fig. Eta)). With in- 
creasing power, the minimum in the electron polariza- 
tion is shifted to higher magnetic field, evidencing an 
increase of the polarization of the nuclei and of the re- 
sulting Overhauser field. At high excitation intensity, a 
significant portion of the nuclei are polarized and the 
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minimum of electron polarization is observed around 
B z = —Bjq = lOOmT which would correspond to 50% 
of the maximum Overhauser field. However, the param- 
eters of II- VI QDs used to estimate this maximum field 
are not known with precision and this percentage is sub- 
ject to caution. 



50mT in a singly charged InAs/GaAs QDs in the pres- 
ence of nuclear spin polarization 3 ^. In InAs QDs, an in- 
fluence of the magnetic anisotropy of the nuclei produced 
by the in-plane strain is also observed in the transverse 
magnetic field dependence of the Overhauser fiel d 33 ' 34 . 
This cannot be the case in CdTe QDs as the nuclear 
spins 1=1/2 for Cd and Te. 



VII. DYNAMICS OF COUPLED ELECTRON 
AND NUCLEAR SPINS. 

A. Electron-nuclear spin system in a transverse 
magnetic field 

A transverse magnetic field dependence of the polariza- 
tion rate of X - is presented in the left panel of Fig.JTJb). 
As the transverse magnetic field is increased, we observe 
in the absence of DNSP (black curve, corresponding to 
fast a + I a— modulation), a progressive decrease of the 
negative polarization rate over the first 80mT. For a spin 
polarized electron and in the absence of nuclear spin po- 
larization, two processes can contribute to the observed 
Hanle depolarization of X~ . The first is a depolarization 
of the resident electron governed by the transverse relax- 
ation time of the spin of the electron, Ti , in an unpolar- 
ized nuclear spin bath (standard Hanle depolarization). 
This T2 should give rise to a half width of the Hanle curve 
■B1/2 — Bf ~ 25mT, deduced from the Faraday measure- 
ment in Fig.[7][b). The second mechanism is a precession 
of the hole during the charged exciton life-time. This pro- 
cess is expected to play a role above 50mT as we have 
seen in the time resolved polarization rates presented in 
Fig. IHb). It is not possible to discriminate between the 
two mechanisms as, because of the weak polarization of 
the electron, they are both responsible of a small decrease 
of few % of the circular polarization rate. 

More interesting is the comparison with the data 
where a DNSP is created (red curve on the left panel of 
Fig- ED 3 )). In this later fast decrease of the neg- 

ative polarization rate is observed when increasing the 
transverse field from to lOmT. The half width at half 
maximum of the depolarization curve is rj 5mT. This ef- 
ficient depolarization of the resident electron is due to the 
precession of the coupled electron-nuclei syste m 22 ' 29 ' 31 . 
After this fast depolarization of the electron, the nega- 
tive polarization rate reaches the value observed in the 
absence of DNSP (i.e. under fast cr+fa— modulated ex- 
citation, black curve). This is also observed in the modu- 
lation frequency dependence of the polarization rate pre- 
sented in Fig. |3Ja). 

We observe that the depolarization curve in transverse 
magnetic field in the presence of nuclear spin polariza- 
tion (Fig.[5£&)) strongly depends on the excitation power 
and deviates from a Lorentzian shape at high excitation 
power. For the later case, the negative polarization rate 
seems to be weakly affected by the first few mT of trans- 
verse magnetic field, and then decreases abruptly. 

The width of such depolarization curve is typically 
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FIG. 9: Variation of the amplitude (c) and characteristic time 
(d) of the DNSP transient under a+ excitation (an exemple 
is presented in (a)) as a function of the excitation intensity at 
B 2 =0mT with a constant dark time Td ar k = 50/is. (b) Varia- 
tion of the amplitude of the DNSP transient with a magnetic 
field applied along the QD growth axis. 

The power dependence observed in our system could 
arise as the electron is pumped faster than the precession 



in the transverse applied (Tp ress = 4ns at B x = 5mT). 
At hight excitation intensity, the resident electron is re- 
placed by an injected spin polarized electron faster than 
the precession in the transverse magnetic field. The depo- 
larization of the electron spin is then given by the power 
dependent Hanle curve: 



s z (o) 



(l + (Or) 2 ) 



(14) 



where = g e ^BB/h and 1/r = l/r p + l/r s with l/r p 
the pumping rate and l/r s the electron spin relaxation 
rate. However, this power broadening does not explain 
the slight deviation form the Lorentzian shape we ob- 
served at high excitation intensity in (Fig. H£b)). 

The creation of DNSP could also be faster than the 
nuclei precession (rE. ess = 5/is at B x = 5mT). The 
decrease of the electron polarization in a transverse mag- 
netic field can then be influenced by the decrease of the 
steady state nuclear field. As a result of this decrease, the 
total in-plane component of the magnetic field which con- 
trols the electron precession increases more slowly than 
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the external field B^: the precession of the electron would 
be efficiently blocked by the Overhauser field, and the 
electron polarization would be conserved. Such a sce- 
nario would be specific to II- VI quantum dots, where the 
build-up of DNSP is fast enough to block the precession 
of nuclei. This point requires further investigation. 



B. Dynamics of the nuclear spin polarization 

In order to analyze quantitatively the build-up time 
and the characteristic amplitude of the polarization tran- 
sient induced by the DNSP, we perform a time-resolved 
measurement using a lOO^s pulse of a a+ helicity, fol- 
lowed by a dark time during which the DNSP re- 
laxes partially (quantitative analysis of this relaxation 
will be done in the next section and is indeed found to 
occur on a time-scale shorter than 50/xs for B z < 5mT) . 
This experimental configuration enables us to fit the ob- 
served DNSP transient by an exponential variation, per- 
mitting to extract a characteristic rate 1 /r and amplitude 
AI (Fig. Ha)). 

We observe in Fig. IHJd), a linear increase of the pump- 
ing rate with the excitation power. While the build up 
of DNSP takes a few ms in III-V materials at B = 
it occurs in the (is range in our case. This results from 
the strong localization of the electron in II- VI quantum 
dots: the built-up rate of DNSP scales as2£ |\P e | so that 
we typically expect tji-vi/thi-v ~ 8000 2 /(10 5 ) 2 ps 
5.1CT 3 . 

The amplitude of the pumping transient (AI/I) pre- 
sented in Fig. He) increases linearly at low excitation 
power, reaches a maximum and decreases at high power. 
The increase is attributed to an increase of the nuclear 
spin polarization. The reduction at high excitation power 
likely comes from a decoupling of the dynamics of the 
electron spin from the fluctuating nuclear spin. As we 
have already seen in Fig. Etc) , at high excitation inten- 
sity, optical pumping of the electron spin becomes faster 
than the precession in the fluctuating field of the nuclear 
spin Bj and the measured polarisation rate of the X~ 
becomes less sensitive to the polarization of the nuclei. 
A similar decrease of the amplitude of the transient is ob- 
served under a magnetic field of a few mT applied along 
the QD growth axis. 

The magnetic field dependence, of AI/I is shown in 
Fig. [3(b). We observe an important decrease of AI/I as 
soon as a few mT are applied along the QD growth axis z. 
This fast decrease mainly comes from the increase of the 
relaxation time of the DNSP under magnetic field (this 
increase of the relaxation time is evidenced in Fig. [Til and 
will be further discussed): As the nuclear spin polariza- 
tion does not fully relax during the dark time, the ampli- 
tude of the pumping transient decreases. This increase 
of the relaxation time explains the general shape at fields 
lower than a few mT. At larger fields, a decrease also oc- 
curs when the static magnetic field exceed the fluctuat- 
ing nuclear field. The magnetic field dependence of AI/I 
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FIG. 10: (a) Magnetic field dependence of the destruction 
and build-up of the nuclear spin polarisation observed under 
<7+/cr— modulated excitation (left: detection a— , right: de- 
tection cr+). A detailed vue of the transients is presented in 
(b). The inset shows the magnetic field dependence of the 
transient amplitude (AI) and position (to). 



presents an asymmetry as the magnetic field is reversed. 
Similarly to the calculated asymmetry presented in Fig.Q] 
and the observed asymmetry presented in Fig. Eta), this 
is the signature of the creation of an effective internal field 
with well defined direction. The faster drop of AI/I in 
a positive magnetic field comes from the increase of the 
influence of the fluctuating nuclear field B / when the ex- 
ternal magnetic field compensates the Overhauser field. 
Such behavior has already been observed on ensemble of 
negatively charged CdSe/ZnSe QDs^. 

Our study of the DNSP build-up time scales was com- 
plemented by adding a magnetic field in the Faraday 
configuration in the time resolved pumping experiments. 
Under a+/a— modulated excitation, each switching of 
the polarization results in an instantaneous (on the time- 
scale of the nuclear spin dynamics) change in the electron 
spin polarization followed by a slow evolution due to the 
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rc-polarization of the nuclei. This re-polarization pro- 
cess is responsible for the minimum observed in the time 
evolution of the negative polarization rate. Under a mag- 
netic field, an asymmetry between the cases of a+ and 
<j— excitation is observed in the dynamics of the coupled 
electron- nuclei spin system (Fig. [T0|) . Under a+ exci- 
tation, as expected, the application of a magnetic field 
along z progressively decreases the influence of the nu- 
clear spin fluctuations on the electron-spin dynamics and 
the minimum in the electron polarization rate vanishes. 

The behavior of the electron polarization is different 
under a— excitation: we observe an acceleration with 
the increase of B z of the destruction of the DNSP at the 
beginning of the a— pulse. This is illustrated in the inset 
of Fig. Illf bh The position of the minimum of polariza- 
tion, ro, linearly shift from tq ~ 8fj.s at B z = OmT to 
To ~ Ofis at B z w 30toT. 

At the end of the cr+ light train, the polarized light 
has created a nuclear field anti-parallel to B z . At 
some time after switching to cr— excitation, Bjv decreases 
and approach -B z . At this point, the non-linear feed- 
back process in the electron- nuclei " flip-flops" starts and 
accelerates the depolarization until the DNSP vanishes. 
Simultaneously, the absolute value of the negative po- 
larization reaches a minimum. Then the nuclei are re- 
polarized by the a— excitation until Bjy reaches B^~ 
parallel to B z . Consequently, as observed in Fig. [TUJb), 
under a— excitation the destruction of the DNSP is ex- 
pected to be faster than its buildup. However, it is not 
clear why such a magnetic field dependent acceleration is 
not observed during the build-up of the DNSP at the end 
of the transient in cr+ polarization when B^ + reaches - 
B z . To fully understand this behavior, a complete model 
of the coherent dynamics of coupled electron and nuclear 
spins in a weak Faraday magnetic field should be devel- 
oped. Such model at zero field has already shown that 
the minimum of (S z ) can apparently be shifted from the 
point (I Z )=<M. 



C. Nuclear spin polarization decay 

In order to investigate the variation with magnetic field 
of the relaxation time in the dark of the DNSP, we follow 
the protocol shown in Fig[TTJ For a given magnetic field, 
we prepare a DNSP and measure after a time Tdark the 
amplitude of the transient, corresponding to the partial 
relaxation of the nuclear polarization. As Tdark is in- 
creased, this amplitude saturates, demonstrating the full 
relaxation. The variation of the amplitude of the tran- 
sient with Tdark is used to estimate the relaxation time 
of the DNSP at a given magnetic field. 

The evolution of this relaxation time is presented in 
FigttUb). It ranges from U^is at B = OT to 170/xs at 
B = 16toT. The relaxation rate is one order of mag- 
nitude faster than the one observed by Feng et al. on 
ensemble of CdSc/ZnSc QDs^, and the one expected 
from nuclear dipole-dipole interactions. Furthermore, 
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FIG. 11: (a) Evolution of the DNSP transient, under a mag- 
netic field B z =9.3mT, with the variation of the dark time in- 
troduced between circularly polarized light trains of constant 
length, (b) Magnetic field dependence of the nuclear spin re- 
laxation time. The inset show the evolution of amplitude of 
the DNSP transient with the dark time for Bz=9.3mT. 



in InAs/GaAs Schottky structure the decay in electron 
charged dots occurred in a millisecond time scaled while 
nuclear spin lifetime in an empty dot has been shown to 
exceed 1 hour.—. 

The magnetic field dependence of the DNSP relaxation 
presents a significant increase of the decay time over the 
first few mT . It has been demonstrated that a magnetic 
field of lmT efficiently inhibits nuclear dipole-dipole in- 
teractions in III-V materials^. Since this interaction is 
expected to be smaller in our system with diluted nuclear 
spins, we can definitely rule out dipole-dipole interaction 
as a major cause of DNSP relaxation. 

Co-tunneling to the close-by reservoir could be respon- 
sible for this depolarization. Via hyperfine-mediated flip- 
flop, the randomization of the electron spin creates an 
efficient relaxation of the nuclei. Following Mcrkulov et. 
aZ.— , this relaxation time is given by: 



t; 



2(^ 2 )|M| 2 t c 
3[1 + (Or e ) 2 ] 



(15) 



14 



In this expression, uj is the precession frequency of the 
nuclei in the Knight field, r e is the correlation time of the 
electron (in the dark) , f2 is the precession frequency of the 
electron in the Overhauser field. At last, ||s|| is equal to 
s(s+l) = 3/4. The fastest relaxation we expect from this 
process can be estimated taking Q, = Qfi uc = 2ir/2ns~ 1 
and r c = 10ns. We obtain Ti e rj 200/is which is not fast 
enough. Therefore, we are tempted to conclude that co- 
tunneling alone cannot explain the observed dynamics. 

Another mechanism to consider is the depolarization 
resulting from an electron-mediated nuclear dipole-dipolc 
interaction. This results in exchange constants between 
the nuclei which typically scale as A 2 /(N 2 e z ). The 
resulting rate of nuclear-spin depolarization is Tr d w 
A 2 /(N 3 / 2 he z ), where e z is the Zeeman splitting of the 
electron. This mechanism could explain a depolarization 
of the nuclei on a /is scaled. However, this expression 
gives only a minor bound to the relaxation time because 
the inhomogeneity of the Knight field can strongly in- 
hibit this deca y 39 i 40 . A magnetic field along the z axis 
is expected to affect this process, progressively decou- 
pling the nuclei from the indirect coupling created by the 
electron, as observed in our experiments in the first few 
mT (FigfTTjl . The electron- induced nuclear depolariza- 
tion was demonstrated ir>i£ in which the ms relaxation 
was completely suppressed using a voltage pulse on a 
Schottky diode in order to remove the resident electron. 



ture of the triplet states of the charged exciton. We have 
studied, using PL decay measurements, the dynamics of 
the injection of spin polarized photo-carriers as a function 
of the energy of the injection. We have shown that the 
injection above the triplet states of the charged exciton 
can be use to pump the resident electron on a time-scale 
of 10 — 100?is and to create a dynamic nuclear spin polar- 
ization. At B = 0T, the creation of the dynamic nuclear 
spin polarization can be as fast as a few /xs, and the 
decay of the nuclear polarization, attributed to an elec- 
tron mediated relaxation, is w lOfis. The measured dy- 
namics are sa 10 3 faster than the ones observed in III/V 
QDs at B = 0T. The relaxation time of the coupled 
electron-nuclei system is increased by one order of mag- 
nitude under a magnetic field of 5mT. The magnetic-field 
dependence of the PL polarization rate revealed that the 
nuclear spin fluctuations are the dominant process in the 
dephasing of the resident electron. We proved that this 
dephasing is efficiently suppressed by a large dynamic 
nuclear spin polarization at B = 0T. 
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